Abstract. In a specially designed radiation force balance (RFB), low-frequency pulse modulation of the incident ultrasound allows high-accuracy measurement of time-averaged spatially-integrated ultrasound power radiated into a reflectionless water load. Errors characteristic of force sensors are precluded by operating the RFB as a force comparator, without directly measuring force. Equipped with purpose-built transducers and electronics, the RFB is adjusted to equate the radiation force and a counterforce generated by an actuator calibrated against reference masses using direct current as the transfer variable. Special techniques enable RFB measurements of the output of continuous-wave and pulsed diagnostic medical systems.
Introduction
The first half of this paper gives a brief description of the equipment and methods [1] now used to measure ultrasound power at the National Institute of Standards and Technology (NIST). The second half describes the details and particularly the use of a scheme [2, 3] developed at the National Bureau of Standards (NBS) in response to customer needs to maximize the accuracy of transferring ultrasound power measurement results from the NBS to their laboratories.
Measurements of time-averaged spatiallyintegrated output power radiated into a reflectionless water load are provided as part of a calibration service used predominantly by diagnostic and therapeutic equipment manufacturers and others in the medical ultrasonics community. This calibration service has evolved significantly [4] [5] [6] since it was first launched in 1977. Since the late 1980s, most customers have required calibration of transducers for use as ultrasound power transfer standards. A few have requested measurements of the output power of systems comprising one or more transducers and an associated electronics package operating with arbitrary pulse waveforms. Since 1989, both types of measurement have been made on the RFB described briefly here and in full detail elsewhere [1] . The scope of this paper S. E. Fick: National Institute of Standards and Technology, Gaithersburg, MD 20899, USA.
is limited to routine operations involving circularly symmetric ultrasound sources up to 50 mm in diameter, operating in the frequency range 0.5 MHz to 30 MHz at output levels between a few milliwatts and 30 W.
Other transducer sizes and shapes are accommodated using supplementary equipment and methods not described here.
In providing a brief description of key aspects of the design and operation of the NIST RFB, this paper uses results from the now extensive body of radiation force theory [7] [8] [9] [10] [11] [12] [13] [14] [15] and its applications [1, 5, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Information is presented only as it applies to a very narrow subject: the operation of a particular instrument, the NIST RFB, for the particular purposes just described. The paper is not intended to be, and should not be considered, complete in its coverage of radiation force theory or applications. Many important concepts are omitted simply due to limited space.
When circumstances are appropriately arranged [14] , an absorptive target properly aligned in a steadystate underwater ultrasound field is subjected to a radiation force, , given by (1) where is the time-averaged spatially-integrated power intercepted by the target, and c is the speed of sound in the water. Time averaging of the ultrasound occurs because, under practical circumstances, the inertia of the target causes it to effectively integrate pulses into the corresponding steady-state force. Spatial integration is a consequence of the extended geometry of all realizable targets and is exploited by using targets larger in cross-section than the incident beam.
The NIST RFB is distinguished from similar instruments by the variety and number of signalprocessing methods used to mitigate deleterious environmental effects. This variety is made possible by modulating the ultrasound source with a 50 % duty factor square wave whose period is set equal to the approximately 50 ms period of the simple harmonic motion of the elastically suspended target. In the RFB, the target itself functions as a tuned detector of the timevarying component (induced by the modulation) of the radiation force. The first stage of signal processing occurs before an electrical signal is generated, and is done within a narrow frequency range removed from the wider and lower frequency ranges associated with confounding forces due to surface tension, airborne vibration, and fluctuations in target buoyancy due to thermally induced volumetric changes and variations in gas absorption on its wetted surfaces. Subsequent electronic signal processing and synchronous detection within the same narrow frequency range compounds the advantages created by this fundamental difference between the RFB and conventional instruments, which apply microprocessor-based statistical algorithms to the results of so-called static force measurements made both with ultrasound present and absent for many seconds.
Measurement errors arising from the imperfect operation of force sensors were precluded by designing the RFB to operate as a force comparator without directly measuring force. An electromagnetic actuator is arranged to generate a pulsed counterforce with temporal characteristics appropriate to those of the modulation of the incident ultrasound. Details are provided in the description of the RFB nulling-pulse generator. Prior calibration of the electromagnetic actuator against reference masses allows levels of nulling force to be inferred from measurements of voltage. Equivalence of the radiation force and nulling force is achieved by adjustment of the magnitude and phase of the nulling force to minimize the velocity of the target as indicated by the highly amplified output of a moving-coil velocity sensor. Because its output is used only to determine that motion of the target has been arrested, the velocity sensor need only be linear for small displacements, stable over short time intervals, and need not be calibrated. Such requirements are met easily and very conservatively.
The necessary modulation of the ultrasound source is also easily achieved. When the source is a transducer to be calibrated as a transfer standard, the modulating waveform already described is used to electronically switch the sinusoidal input voltage on and off. When the source consists of a transducer and electronics package composing a pulsed or continuous-wave medical system, the same electronic switching is applied to either the trigger signal or the radio frequency (rf) output of the electronics package. As necessary, the system pulse repetition frequency is altered slightly to make it an integral multiple of the modulating frequency, in order to avoid beat frequency effects.
Mechanical design details
As shown schematically in Figure 1 , the ultrasound source to be tested is attached below an open port in the test tank. The ultrasound source is directly coupled to the water in the test tank; no membrane is used. Ultrasound enters the water of the test tank from below, propagates vertically, and impinges on the target, which is connected by a one-piece rigid hollow shaft to the electromagnetic actuator and the velocity sensor. Also affixed to this shaft (but not shown in the figure) is the movable mirror of a Michelson interferometer used only during calibration of the electromagnetic actuator. Motion of the shaft is induced by both the radiation force applied to the target and by the nulling force generated by the electromagnetic actuator.
With the target immersed in its water bath, the mechanical resonance frequency is approximately 20 Hz, which is low enough to avoid flexural resonances of the RFB frame, and vibrations induced by 60 Hz mains-powered equipment. Designed to minimize radiation force from reflected ultrasound, the target is a 45 half-angle conical shell of silicone rubber 10 mm thick (measured axially), surrounding a solid cone of rigid polystyrene foam 52 mm in diameter. An ultrasound ray arriving parallel to the axis of the cone is reflected only slightly at the water/rubber interface because the rubber offers a good match of acoustical impedance with that of water. In passing through the rubber, the ultrasound loses most of its energy to absorption. Near-total reflection occurs at the interface between the rubber and the polystyrene foam, and the reflected ultrasound is further attenuated as it travels outward through the rubber layer.
An absorptive conical target is used because of its freedom from modal resonances, which usually determine the lower operating frequency limit for traditional metal-shelled reflective conical targets. No such resonances have been found for frequencies as low as 0.5 MHz, the lowest frequency for which tests have been requested. Figure 1 gives a block diagram of the major electronic systems of the RFB.
Electrical design details
To provide separate synchronizing signals for the ultrasound source and the nulling pulse generator, the RFB sync generator is equipped with dual programmable frequency dividers which convert a 10 MHz clock signal into two signals of identical frequency, adjustable in 0.1 Hz increments near 20 Hz. The use of dual-frequency dividers allows the phase difference of their output signals to be adjusted in 0.1 µs increments over a 17 ms interval. This feature is used to compensate for lag in the RFB mechanical response, and various other time delays.
The RFB nulling-pulse generator provides synchronized rectangular pulses of duration appropriate to the ultrasound source under test. For transfer standard transducers operated at 50 % duty factor, provision is made for square-wave nulling pulses of duration equal to exactly half the period of motion of the RFB target. For medical or other ultrasonic systems with short output pulses of arbitrary waveform, provision is made for fixed durations of 100 µs, 200 µs, 400 µs, and 800 µs. The results of proof tests have confirmed that the RFB nulling pulse width need not be adjusted to equal the width of the incident radiation force pulses [1] . Special circuitry allows the nulling pulse amplitude, which is continuously adjustable, to be inferred from measurements of a direct current seamlessly switched between the electromagnetic actuator coil and a dummy load.
The wide RFB operating range (1 mW to 30 W) requires the use of a step attenuator at the output of the nulling-pulse generator. Because voltages at the microvolt level are applied to the electromagnetic actuator for the lowest measurable power levels, the step attenuator is remotely controlled and physically positioned as close as possible to the electromagnetic actuator in order to minimize the possibility of interference by induced voltages. Further protection is provided by the attenuation imposed by a 45 resistor, located at the electromagnetic actuator coil, which sets the electromagnetic actuator impedance to 50 . Degradation of the shape of the nulling pulses by transmission through the coaxial cable linking the nulling pulse generator, attenuator, and electromagnetic actuator is minimal because the impedances of all three devices match the 50 impedance of the cable.
A conventional synchronous detector processes the RFB error signal. For most operations, a critically damped zero-centre galvanometer provides an analogue display of the synchronous detector output. When very low ultrasound levels require visual time-integration of the detected RFB error signal, a strip-chart recorder is used as the analogue display.
Measurement uncertainty
Practical considerations require that the RFB be used to measure the total power, , radiated from the output port of a transducer, rather than the power, , intercepted by the RFB target. By assuming that the two differ by an empirically derived attenuation correction factor, , recasting (l), and invoking Newton's first law, is given by (2) where is the average value of the set of nullingsignal voltmeter readings recorded for each power measurement; is the attenuator coefficient; is the speed of sound in water; , the attenuation correction factor, is determined in situ from output measurements for a number of different source-target distances;
is the conductance of the electromagnetic actuator coil;
is the electromagnetic actuator coefficient, expressed in units of mass per unit of electrical current; and is the local acceleration of gravity. Reported in full detail elsewhere [1] , the relative standard uncertainties [26] are set out below. The Type A uncertainty of , the average of the set of voltmeter readings specific to each power measurement, is currently dominated by ambient vibration in the RFB laboratory. Under typical circumstances, the relative value of this uncertainty component is 8 10 -3 , and the combined relative standard uncertainty is approximately 10 -2 . Much higher uncertainties have been found to apply to the results of measurements made under other conditions. For each measurement, the highest acceptable uncertainty is determined by customer requirements and the characteristics of the equipment being tested. All reports of the results of RFB measurements include, for each measured value of ultrasound power, a corresponding value of expanded uncertainty [26] obtained using a coverage factor of 2.
Evolution of techniques for interlaboratory replication of ultrasound power levels
Any transducer whose operating characteristics are sufficiently stable may be used as a transfer standard, with the only additional components of transfer uncertainty determined by the degree to which operating conditions can be made identical at the national metrology institute (NMI) and customer laboratories. High-stability transducers, and the information necessary to construct them, have long been available [2] [3] [4] 6] . Over the range in which transducer output power is proportional to the square of the applied RF voltage, characterization of a transducer by a single value of effective radiation conductance, [(output power)/(applied voltage) 2 ], allows the generation of arbitrary power levels chosen after NMI calibration of the transducer.
With the equipment available to typical NIST RFB calibration customers, calibration transfer based on values of radiation conductance has been found to be critically affected by the systematic errors applicable to absolute rf voltage measurements. The cable linking the transducer and the rf voltmeter acts as a transmission-line transformer. Correcting for this effect requires sophisticated auxiliary measurements, and is further complicated by the effects of the usually large difference between the characteristic impedance of the cable and the electrical impedance of the transducer. In many cases, electromagnetic leakage due to circulating currents is sufficient that the positions of nearby conductive objects affect the transmissionline characteristics. Since their missions do not support an NMI-grade approach to rf voltage measurements, typical customers of the NIST RFB calibration services are fundamentally constrained by the use of radiation conductance.
The significance to customers of the difficulties just mentioned became apparent soon after RFB measurements were made available in 1977. Accordingly, a scheme was developed to circumvent the problems of rf voltage measurement by incorporating an rf voltage sensor into the transducer itself, obviating the use of an rf voltmeter [2, 3] . In this scheme, NMI measurements of the rf input voltage are replaced by measurements of the dc output of the sensor for each ultrasound power level specified by the customer. At the customer laboratory, the input voltage level is adjusted to reproduce the dc value supplied as calibration data by the NMI. For brevity, this scheme is called the dc-level method (DCLM) hereinafter.
In 1985, the NBS began to offer its RFB customers two ways to exploit the DCLM. Standard Ultrasonic Source systems, comprising a transducer equipped with integral rf voltage sensor circuitry and an impedance-matching network purpose-built to allow the use of readily available rf voltage sources and dc voltmeters, were offered for sale. Secondly, transducer calibration services were expanded to offer calibration of customer-supplied transducers in terms of either the radiation conductance or the dc output of detachable external rf voltage sensor modules purposebuilt by the NBS. Immediately thereafter, the rate of requests for determinations of radiation conductance became insignificant. Experience with the twentyseven Standard Ultrasonic Sources deployed as of late 1998 has confirmed that transfer relative uncertainty components as low as 2 10 -3 (1 ) can be achieved using equipment already available to most customers. Furthermore, experience with forty-six customer-owned commercial-grade (not standards-grade) transducers equipped with detachable external rf voltage sensor modules has established that, in return for full attention to DCLM details, transfer relative uncertainty components of the order of 5 10 -3 (1 ) can be attained with transducers one-tenth as costly as the NIST Standard Ultrasonic Source.
Optimal use of NMI-calibrated transfer standard transducers
A broad discussion of the use of transfer standard transducers to generate independently known ultrasound power levels under conditions typical of those at the laboratories of NMI customers has been published elsewhere [3] . The ideas presented in this section are of equal importance to the use of transducers characterized by radiation conductance and transducers characterized by the DCLM.
For all types of transfer standard transducer, the efficiency and radiation conductance can vary with power level. By any reasonable criterion, these variations are significant for transfer standard transducers equipped with the ceramic piezoelectric elements typically used for output power levels much greater than 1 W. For this reason, a preliminary determination of a set of power levels to be used during NMI measurements is as prudent for radiation conductance calibration customers as it is necessary for DCLM calibration customers.
Departures from the amplitude, frequency, and waveform specifications stipulated in NMI calibration reports will fully invalidate any NMI estimate of the transfer uncertainty component, and increase it by an increment calculable only by substantial effort. For all waveforms except the continuous (100 % duty factor) sinusoid, calculating the waveform-dependent transfer uncertainty component would require data from measurements as sophisticated as NMI measurements of ultrasound power.
Because the bandwidth of transfer standard transducers is very much less than that of all reasonably practical means of rf voltage measurement, the two will respond very differently to harmonic content in the applied rf energy. Harmonic content is easily measured using a conventional rf spectrum analyser. Because these analysers are subject to damage by all but the very lowest rf voltage levels likely to be encountered, an external attenuator should be inserted between the spectrum analyser and the point of connection of the rf voltage source. A 60 dB attenuator with a 25 k resistor between the attenuator input and output, and a 50
resistor from output to ground, is easily constructed. Both resistors should be suitable for the highest frequencies and voltages to be applied. When connected directly to the rf voltage source, with no intervening cable, this attenuator will, because of its high input impedance, have a negligible effect on the behaviour of the rf voltage source. Because the output impedance of the attenuator is 50 , the in-circuit attenuation will be independent of the length of 50 coaxial cable used to connect the attenuator output and the 50 input port of the spectrum analyser.
Depending on the overall design of the rf voltage source, harmonic generation may vary significantly with rf voltage amplitude, and in a complex way. It is prudent to measure harmonic content for all power levels, rather than assuming that harmonic content will be maximal only at the lowest or highest rf voltage amplitude. The effect of harmonic content can be estimated conservatively by assuming that the transducer responds only to the fundamental component, and that the rf voltage measurement is equally sensitive to all harmonic components in the drive signal. Invoking another conservative assumption, that the relative phases of fundamental and harmonic components combine to maximize their effect on the rf voltage measurement, allows the consequent uncertainty in power to be calculated by doubling the sum of the fractional amplitudes of the measured harmonic components.
In the interests of long-term stability, transfer standard transducer designs typically feature simple airbacked construction that causes the electrical impedance to be very different from the 50 characteristic impedance of commonly used coaxial cable. Interposing an adjustable impedance-matching network between the rf voltage source and the transducer greatly reduces the power rating required of the rf source. Additional benefits include the option to minimize the length of cable carrying high currents to the transducer, and the possibility of adjusting the network to control the amplitudes of harmonic components. When an impedance-matching network is used, two precautions may be necessary to avoid transducer damage by high-voltage transients. Switched adjustments should never be made with rf power applied, and continuous adjustments should be made only if they are known to affect capacitance rather than inductance.
Some frequency synthesizers generate large impulsive voltages each time a new frequency is selected. Signal generators equipped for stepped adjustment of output level sometimes deliver full output voltage during transitions between lower voltage levels. Power amplifiers sometimes burst into full-power oscillation when turned on or off. To preclude consequent transducer damage, it is prudent to verify the absence of these effects every time a transfer standard transducer is to be driven by a new or different signal generator or power amplifier. For these tests, the rf voltage source is connected to a 50 dummy load, and the output waveform is viewed with an oscilloscope connected through an attenuating probe. If problematic effects are found, an A/B switch must be installed, and used to connect the power-amplifier output to a 50 dummy load, instead of to the impedance-matching network or transducer, before taking any actions found to be provocative.
Special procedures for the dc-level method (DCLM)
Since DCLM calibration data necessarily apply only to discrete power levels specified by the customer before NMI calibration, it may seem that new NMI data would be necessary every time the NMI customer requires previously unanticipated power levels. However, NMI DCLM data can be extended to arbitrarily different power levels by a simple procedure subject to independently determinable uncertainties. For a lower power level, a calibrated rf attenuator is inserted at the input to the matching network after the output level of the rf voltage source has been adjusted to establish the dc value for the closest calibrated power level. For a higher power level, a calibrated rf attenuator is removed from the input to the matching network after the output level of the rf voltage source has been adjusted to establish the dc value for the closest calibrated power level. The upper limit for this scheme is set by the variation of transducer characteristics with power level.
The only additional operational requirement is that the rf attenuator calibration be preserved by adjustment of the impedance-matching network to present a matched load at its input port. Both the rf attenuator calibration and the impedance at the matching-network input port can be independently measured with readily available equipment.
Minimization of the transfer uncertainty component requires that the input impedance of the DCLM rf voltage sensor circuit be orders of magnitude higher than is typical of conventional designs. This unusual requirement follows from the high input impedances presented by some transducers, the inevitable nonlinearity of all rectifier circuits, and the need to avoid distortion of the RF waveform by the RF voltage sensor circuit. For two reasons, the output resistance of this circuit must also be orders of magnitude higher than is typical of conventional designs. The need to maximize long-term stability precludes the use of an active buffer amplifier, and the use of an internal voltage divider as a passive buffer would preclude a very useful diagnostic test of the circuit itself. Without the shunt resistance required by an internal divider, the rectifier diode (the only component subject to damage from excessive rf voltage) can be tested for such damage using a dc voltmeter and power supply connected to the output terminals of the rf sensor module. That this test can be performed by any customer is considered to be a benefit outweighing the associated requirements that a highresistance dc voltmeter be used, and that the resistance of each particular meter be taken into account.
The actual resistances of modern electronic voltmeters often differ by 1 % from their nominal 10 M or 11 M values. If the input resistances of the voltmeters used at the NMI and customer laboratories were to differ by 1 %, the transfer uncertainty component would increase by a similar amount even after applying first-order corrections. Fortunately, this problem can be circumvented by following a simple coordinated procedure. Both the NMI and the customer measure the actual input resistances of their respective meters, and connect in series resistors chosen (and proved by measurement) to establish the same prearranged value of total input resistance, which should be slightly higher than the highest input resistance for the set of meters the customer intends to use. At the NMI, indicated voltages are translated into reported values of current. Using Ohm's law and the known input resistance of the voltmeter at hand, the customer translates the reported values of current into indicated voltages. Experience at the NIST indicates that customers can use this scheme with a readily available multimeter to limit variations in input resistance to the 0.1 % level found reasonable during development of the NIST Standard Ultrasonic Source.
